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Abstract. We perform experiments with a granular system that con-
sists of a collection of identical hollow spheres (ping-pong balls). Particles
rest on a horizontal metallic grid and are confined within a circular re-
gion. Fluidization is achieved by means of a turbulent air current coming
from below. Air flow is adjusted so that the balls do not elevate over the
grid, as an approach to 2D dynamics. With a high-speed camera, we take
images of the system. From these images we can infer horizontal particle
positions and velocities by means of particle-tracking algorithms. With
the obtained data we analyze: a) the systematic measurement error in
the determination of positions and velocities from our digital images; b)
the degree of homogeneity achieved in our experiments (which depends
on possible deviations of the grid from the horizontal and on the homo-
geneity of turbulent air wakes). Interestingly, we have observed evidences
of crystallization at high enough densities.
1 Introduction
Experimental works on the symmetry properties of nearly close-packed particles
were carried out in the early 20th for direct visualization of the crystal structure
in laboratory scale model systems (by that time this was technically not possible
for real solid crystals). Pioneering work by L. Bragg and J. F. Nye in experi-
ments with soap bubbles monolayers [5], which clearly reported a macroscopic
hexagonal crystal structure, was followed by other interesting analogous works
on different phases in systems with macroscopic particles [9,8,7].
The present work was conceived as an approach to this kind of experimental
works. Our laboratory set-up is directly inspired in the work by Durian and
co-workers, who analyzed the properties of Brownian motion in a macroscopic
particle [14]; a ping pong ball fluidized by turbulent air wakes. These wakes are
produced at the Von Ka´rma´n streets due to air flow past a spherical particle
[21]. We built a very similar set-up, this time using ∼ 102 particles in most of
our experiments. The final aim of our series of measurements is to search for
eventual phase transitions, in analogy with the observations in thin vibrated
layers [15].
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Fig. 1. Sketch of the experimental set-up
2 Description of the system
We perform experiments with a variable number N of identical spherical par-
ticles. Specifically, our particles are ping-pong balls with diameter σ = 4 cm
(ARTENGO c© brand balls, made of ABS plastic, this material having a mass
density ρ ' 0.08 g cm−3). Particles rest on a metallic mesh (circular holes of
3 mm diameter arranged in a triangular lattice) and are enclosed by a circular
wall made of polylactic acid (PLA). The diameter of this circular boundary is
D = 72.5 cm and its height is h ' 4.5 cm > σ. Thus, the total area of the system
available to the spheres is A = 0.413 m2 = 328.65× pi(σ/2)2, which means that
up to Nmax = 0.9069 × 328.65 ' 298 balls can fit in our system, if we ignore
boundary effects (which would reduce this number). The grid is mounted and
carefully levelled so that it remains as horizontal as possible (i.e.; perpendicular
to gravity). In this way, we expect to achieve dynamics in which gravity does
not create any anisotropy in the system behaviour.
Steady dynamics of the particulate system is achieved by means of a vertical
air current coming from below, as depicted in Figure 1. We use for this a fan,
model SODECA c© HCT-71-6T-0.75/PL, that is able to produce air current in-
tensities uair passing through the metallic grid plane with rates in the range of
[2 - 5.5] m/s. An intermediate foam (∼ 2 cm thick) homogenizes the air current
from the fan. The air flow distribution over the grid was measured using a tur-
bine digital anemometer, plugged to a computer to collect data. We observed
that the air current flow suffers local deviations over the grid of less than 10%,
with respect to the average uair.
The air flow coming from the fan produces turbulent wakes past the spheres
[21]. Air current intensity is adjusted so that particles never levitate, and remain
in contact with the metallic grid at all times. With this, we achieve a particle
dynamics that is effectively two-dimensional, since the relevant particle motion
is contained within the grid plane.
Summarizing, we built a set-up that has the following properties: 1) It is a
many-particle system; 2) the energy input is homogeneous; 3) the dynamics is
contained in a horizontal plane (the grid) and as a consequence gravity does not
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introduce a predominant direction; 4) symmetry-break is observed in the form
of a hexagonal arrangement of the particles.
A series of experiments has been carried out, by modifying the values of air
flow intensity (2 m/s ≤ uair ≤ 5.5 m/s) and packing fraction ϕ ≡ N(σ/D)2,
(0.03 ≤ ϕ ≤ 0.79).
3 Particle tracking
A Phantom VEO 410L high speed camera has been used [3]. This model is
capable of recording at 5200 frames per second at its maximum resolution (1280×
800 pixels). At this resolution, we have recorded for each experiment a 99.92 s
clip at 250 frames/s (well below the maximum operational speed of our camera).
For low particle densities (ϕ < 0.20) three clips have been ta ken for each set
of parameters ( which improves the statistics of the data). Before each take the
system hasbeen thermalized for a few minutes, in order to assure steady state
conditions (transient regime is very short for granular gas systems in most cases
[22]).
We have developed a custom detection algorithm, where we combine the
use of the open source library OpenCV [17] for particle detection together with
TrackPy [2] (a python version of the Crocker and Grier algorithm [6]) for linking
particle positions. Only a central region of interest (ROI) has been used for our
subsequent analysis. This is done minimize eventual boundary effects [11,1]. Our
ROI is rectangular and has dimensions Lx = 9.6 σ, Ly = 7.7 σ.
3.1 Error estimation
Static localization error is defined as the standard deviation from the position of
a motionless particle [4,13,20]. In order to quantify this static error, we recorded
five videos with a single static sphere (fan switched off), positioned at differ-
ent points of the system in each one. Measuring the deviation from the mean
position, we have found this static error to be s = 0.059 pixels or, in units of
the particle diameter, s = 7.6 × 10−4 σ. Additionally, there are other factors
that can have an effect on the quality of measurements, such as motion blur
–also called dynamic error– [18]; this is due to the fact that cameras take a cer-
tain amount of time ∆t to acquire each frame. In our particular case we used
∆t = 1.5×10−3 s. Therefore, the positions that we obtain are not instantaneous,
but averaged over that short period of time. This error has implications, for ex-
ample, in determining the value of the diffusion coefficient D, and introducing
uncertainty in the mean squared displacement (MSD) measurement [4]. Since
we do not discuss here dynamical properties with characteristic times shorter
than our ∆t, this dynamic error can be neglected in the present work.
3.2 Isotropy and homogeneity conditions
In order to analyze the degree of isotropy in the collective dynamics, we have
looked at the position distribution for x and y coordinates. Results are plotted
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Fig. 2. Histogram of particle locations in the x (blue) and y (green) directions, during
full-length clips for: (a) a system with a low packing fraction (ϕ = 0.03, uair = 4.63
m/s), here particles remain near their initial positions; (b) a case in which packing
fraction approaches a crystallization regime (ϕ = 0.69, uair = 2.80 m/s), the reason
behind the histogram maxima is that particles organize in a lattice structure. And (c),
combined data for all the experiments recorded at intermediate densities, for which an
isotropic liquid state is found (0.20 ≤ ϕ ≤ 0.54).
as histograms in Figure 2. We observed that except for very low (Figure 2a) or
very high particle densities (Figure 2b), particles are evenly allocated throughout
the surface, as seen in Figure 2c, with a standard deviation never greater than
5% [19]. In the case of high packing fractions, evidences of crystallization show
up in the form of sharp and evenly distributed peaks (Figure 2b). On the other
hand, at very low densities (Figure 2a), granular temperature is so low that
the particles rarely move far away from their initial positions, thus skewing the
distribution towards those regions.
With respect to the velocity distributions, and contrary to what happens
with positions, we did not detect different behaviours depending on the packing
fraction. Therefore, we represent in Figures 3a and 3b x and y velocity distribu-
tion functions respectively, combining the data from all of the clips altogether
(we analyze in this way the global isotropy of the set-up rather than the isotropy
of a particular experiment). We have observed that distribution functions in vx
and vy are not Gaussian, which agrees with previous observations in granular
dynamics experiments [16]. In any case, our velocity distributions are rather well
centered at zero (mean values µx = 4.32×10−3σ/s and µy = 8.56×10−3σ/s) and
both have a similar standard deviation (σx = 1.06 σ/s and σy = 1.07 σ/s), which
is an indication of a high degree of horizontality. In addition, we represent in Fig-
ure 3c the particle speed modulus global distribution function v = (v2x + v
2
y)
1/2,
with mean value 1.22 σ/s and standard deviation 0.88 σ/s. It is interesting to
notice that a Gamma probability distribution (f(x) = xa−1e−x/Γ (a) with shape
parameter a = 1.863, in this case) provides a much better fit than a Maxwell-
Boltzmann one.
In Figure 2 velocities are deduced from to frame-to-frame displacements. Let
us analyze now the distribution of displacements at longer times. For this, we
have determined the distribution function for 200-frames displacements, d200 =
r(t+ 200)− r(t), over the entire length of each experiment (of about 102 s); i.e.,
we have of the order of 2.5× 104 events per particle. Would anisotropy occur, it
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Fig. 3. Probability distribution function for the velocity of particles in the whole series
of experiments. Displacements in the (a) x direction, (b) y direction, and (c) modulus
of the velocity; for reference, gamma (orange) and Maxwellian (green) distribution fits
are represented.
should show up in a polar coordinate representation (as in Figure 4b) in the form
of a well defined maximum in the preferential displacement direction. We have
selected a 200 frames window (this is roughly the time at which, at intermediate
densities, particles ’forget’ in our set-up their initial velocity, as calculated from
the velocity autocorrelation function [12]). Figure 4b reveals a high degree of
displacements isotropy. Figure 4a displays the histogram of particle positions
for the same experiment. Interestingly, this representation reveals very clearly a
hexagonal crystal structure.
4 Discussion
We have studied in this work a system of ping-pong balls thermalized by means
of turbulent air wakes. The air current is adjusted so that balls are in contact
with the table at all times (i.e., their movement is primarily two-dimensional).
In the first part of this work, we have analyzed the accuracy of our experimental
methods for particle tracking. As in previous works by other authors [4,13,20],
we have made distinction between inherent static and dynamic errors, finding
that in both cases they are very small. Homogeneity of particle density indicates
that we achieved a good degree of horizontality in of our set-up (this work is
intended to study only inhomogeneity-free dynamics). For intermediate densities,
the degree of isotropy is very high (Figures 2c and 3). It is very interesting to
remark that the distribution function of v (averaged over all of the series) fits a
gamma distribution [10].
At high densities, it is interesting to notice the remnants of what seems to
be a hexagonal crystal structure (Figures 2b and 4a). Phase transitions that can
eventually appear in this system will be studied in more detail in an impending
work.
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Fig. 4. Experiment with packing fraction ϕ = 0.67 and air flow velocity u = 2.80 m/s.
(a) Particle positions histograms (upper and left panels) and plot of particle positions
superimposed for all frames (central panel). A crystalline structure is clearly visible.
(b) Stacked histogram in polar coordinates of 200 frame displacements (d200) for that
same system; different colours represent different displacement lengths (in units of the
particle diameter). The histogram strongly suggests that particle dynamics is highly
isotropic.
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